The stratospheric polar vortex is weaker in the easterly phase of the quasi-biennial oscilla-5 tion (QBO-E) than in the westerly phase (QBO-W), but the mechanism behind the QBO's 6 influence is not well understood. We argue firstly that the composite difference of the atmo- 
variability throughout the NH stratosphere well.
159
c. GCM simulations 160 We have performed experiments using the Met Office HadGEM2-CCS GCM. This coupled HadGEM2-CCS exhibits a realistic stratospheric climatology and realistic variability.
170
Results from a 240-year pre-industrial control run, which excludes variability due to of the vortex to nudging towards a QBO-E zonal wind pattern in the tropical stratosphere.
179
We performed a "climatological tropical wind" (ClimEq) control run, which was set up iden- , so it is used in preference to create target equatorial zonal wind profiles.
186
The nudging had the effect of eliminating the QBO, but the mean and standard deviation of 187 wintertime extratropical winds were not strongly affected. We then performed 120 "QBO-E" after nudging towards the QBO-E profile is begun. composite difference between these random groups was calculated. This was repeated 1,000 227 9 times to find the probability distribution of the differences at each grid-point under the null hypothesis that there is no dependence of these variables on the QBO, and the probability 229 that the magnitude of the difference would exceed that of the difference in the data.
230
To test the statistical significance of the mean differences between the model branch runs 231 nudged to QBO-E and the ClimEq run, a Monte Carlo bootstrap technique was used (Efron
232
and Tibshirani 1993). At each gridpoint a surrogate data sample was generated according to 233 the null hypothesis that the mean difference is zero but other moments of the true distribution 234 of differences equal those in the data. The mean of the differences for all pairs of branch and 235 control runs was subtracted from the difference for each pair and the results were resampled 236 with replacement. The probability of the mean of this resampled data being larger than 237 that for the real data was estimated using 1,000 data resamplings. All significance tests are 238 two-tailed. from the lower stratospheric easterlies in QBO-E cannot be directly influencing the vortex.
251
There is greater EP flux convergence in the high-latitude stratosphere in November, and a 252 region of greater convergence that moves downwards from the middle to lower stratosphere 253 between December and February. There is a similar correspondence between the QBO-E minus QBO-W composite differ-
261
ence and the NAM signature of GPH. Figure 4 shows the QBO-E minus QBO-W composite 262 difference in the monthly mean NH 10 hPa GPH from November to February in ERA-40.
263
The climatological eddy component, defined as the climatological GPH with the zonal mean 264 subtracted, is also shown. Figure 5 shows the signature of the NAM in NH 10 hPa GPH,
265
which bears a very good resemblance to the GPH differences between QBO-E and QBO-W. so this is not simply arising from a direct influence of the QBO on the subtropics.
272
In November, the top left panel of figure 4 shows GPH is greater in QBO-E over the differences as well, which is important given that these differences have been used to try to 288 understand the mechanism of the QBO's influence.
289
A correspondence between the leading EOF of a system and its response to an applied 
305
Invoking this behaviour, which seems robust in atmospheric models and also present structure in the extratropical QBO-E minus QBO-W composite differences seems to be pri-326 marily related to the NAM signature rather than the forcing mechanism, and is not a reliable 327 indicator of the mechanism.
328
Another way to understand the difficulty in using these composite differences to infer the 329 forcing mechanism behind the HT relationship is that the differences in the wave components Here we argue that whilst the QBO-E minus QBO-W composite difference cannot be 337 relied on to show the mechanism of the QBO's influence, the full time-dependent transient 338 response should be much more useful.
339
If the forcing mechanism is simple (meaning it does not influence the system in question of the forcing can be expected to show the mechanism clearly. Consider a system described 342 by state vector x(t) that evolves according to equations
where the equations may be non-linear and are explicitly time-dependent for generality.
344
The equations governing atmospheric motion may be expressed in this form. Consider also 345 a forced variant of this system described by state vector x ′ (t) which evolves according to 346 similar equations with the addition of a state-and time-dependent forcing term,
with
In the context of the HT relationship, x ′ would represent the vortex 348 state and f the influence of the QBO. Then as long as the difference between the state vectors 349 δx = x ′ (t) − x(t) is analytic, which will be the case if both x(t) and x ′ (t) are analytic, δx(t)
350
can be evaluated for small t by writing its Taylor series (in index notation using summation
Thus for short times, the difference between the systems is nearly proportional to the applied 
382
The mechanism by which the equatorial winds influence the vortex in the model is likely to 383 be qualitatively similar to the mechanism in the real atmosphere. February, bearing in mind that the observed differences are not highly statistically significant.
389
The EP flux differences are somewhat smaller than in ERA-40, however, consistent with the 390 ZMZW differences being smaller.
391
We have examined the transient response of the vortex to nudging equatorial winds 392 towards a QBO-E state on a time scale of about a week, which is comparable to the mid-
393
stratosphere's dynamical time scale. Figure 9 shows the mean over our ensemble of QBO-E 394 branch runs of the difference in the ZMZW between the branch runs and the ClimEq run.
395
The QBO-E pattern of winds is visible in the tropics, with mid-latitude anomalies that arise 
412
The more poleward EP flux from the tropics to the high latitudes is the signal that Naoe However, it is not just the tropical lower stratospheric easterly wind acceleration that 421 matters -the westerly acceleration above 10 hPa appears to cause a more equatorward 422 EP flux that decreases its convergence at high latitudes, reducing the QBO influence there.
423 Figure 11 shows the EP flux differences using the "acceleration scaling" defined by Gray et al. run over days 7-8 after branching, which is at 15 hPa, is 1.8 × 10 −4 m/s. The QBO-E mi-
Summary and conclusions

521
We have discussed investigations into the mechanism by which the QBO influences the 522 stratospheric polar vortex. Understanding this mechanism is important for improving sea- 
